Background. Encephalitis is a severe neurological syndrome with devastating consequences. Despite extensive testing, the etiology often remains unknown. Involvement of the thalamus or basal ganglia (T/BG) occurs in a subset of patients with encephalitis and may be an important etiological clue. In order to improve diagnosis of T/BG patients, we reviewed this subgroup within the California Encephalitis Project (CEP).
specimens and clinical history of suspected encephalitis cases from >220 facilities in California. Multiple specimen types (including cerebrospinal fluid [CSF], serum, and respiratory) from each patient underwent a battery of testing for agents commonly associated with encephalitis. Molecular testing was performed for herpesviruses while serologic methods were the primary methodology for arbovirus testing. From 1998 to 2007, viral isolation was the primary method for respiratory virus detection, and from 2007 onward both molecular methods for several respiratory viruses (influenza A/B, human metapneumovirus, adenoviruses, parainfluenza 1-4, and respiratory syncytial virus) and primary isolation were routinely used. Testing for additional agents was performed in a case-specific manner, taking into account the clinical, demographic, and laboratory data reported by clinicians. Activities of the CEP were reviewed and approved by the California Committee for the Protection of Human Subjects (project number 00-06-04).
Inclusion criteria in CEP consisted of hospitalization ≥24 hours with encephalopathy and 1 or more of the following: fever, seizure(s), focal neurologic findings, CSF pleocytosis, abnormal electroencephalogram, or neuroimaging study consistent with encephalitis. Excluded from the project were patients <6 months of age, immunocompromised patients, and patients with preexisting neurological disorders. Cases with an infectious etiology were classified as confirmed, probable, or possible. These criteria are based on the type of specimen from which the potential etiologic agent was detected, the strength of the previously established links between the agent and encephalitis, and the clinical and epidemiologic features of the disease [1, 2] . Respiratory viruses were classified as possible etiologies since they were not found within the central nervous system (CNS), nor are they established neurotropic agents. When evidence of >1 agent was found, confirmed and probable etiologies were reported as the primary etiology. Cases with only a serum Mycoplasma pneumoniae immunoglobulin M positive finding, unless corroborated by an independent assay, were classified as unknown. Postinfectious etiologies were classified based on a clinical course of systemic infectious symptoms (ie, fever, chills, upper respiratory illness, gastrointestinal illness), which subsided prior to the onset of neurologic deficits along with magnetic resonance imaging (MRI) changes primarily affecting the white matter and compatible with acute disseminated encephalomyelitis [3] . Acute necrotizing encephalopathy cases were classified according to the diagnostic criteria proposed by Mizuguchi [4] , which include clinical, laboratory, and neuroimaging parameters. Noninfectious etiologies were identified through physician follow-up and medical records.
T/BG Subset Identification and Review
A retrospective review of all project cases from 1998 to October 2010 was conducted to identify patients with reported T/BG neuroimaging abnormalities. Additional medical records, including discharge summaries and neuroimaging reports, were requested from submitting facilities for T/BG cases. Direct follow-up with the referring physician and/ or facility was conducted for cases where an etiology remained unknown at the time of discharge. As outlined in Figure 1 , T/BG cases were grouped by etiological classification, stratified by age, and compared to other CEP cases. Additional follow-up testing was carried out on samples initially received by CEP.
Neuroimaging Review
Neuroimaging reports from the initial abnormal MRI were reviewed using a standardized extraction form. When reports were ambiguous (<10% of cases), MRI images were reviewed by the study neurologist (A.V.). Abnormalities within the entire brain and those limited to the T/BG regions were characterized. Patients presenting with nonacute T/BG MRI findings (eg, chronic small vessel disease) were excluded.
Statistical Analysis
The data were analyzed using Fisher exact test, Kruskal-Wallis 1-way analysis of variance, and the Mann-Whitney U test, as appropriate, with statistical significance set at P ≤ .05. CEP patients with T/BG lesions were compared to CEP patients without T/BG lesions. Pre-follow-up data from the T/BG group was used for valid comparison.
RESULTS
Of 3419 cases enrolled in CEP, 183 (6%) met inclusion criteria for T/BG neuroimaging findings. CSF and serum specimens were received from nearly all patients and respiratory specimens were received from the majority of CEP patients ( Prior to additional follow-up and testing, >50% of T/BG cases had an identified etiology in contrast to only 34% of overall CEP patients (P < .0001). An increased frequency of infectious etiologies was found among T/BG cases (32%) compared to non-T/BG CEP cases (20%) prior to follow-up (P = .0001); this difference was accounted for by pediatric infectious cases (T/BG 39%; non-T/BG 20%; P < .0001) rather than adult infectious cases (T/BG 22%; non-T/BG 19%; P = .56). Specific etiologies associated with T/BG encephalitis cases differed from non-T/BG CEP cases (Table 1) . Among T/BG pediatric patients, respiratory viruses (P = .003) and West Nile virus (WNV; P = .004) were observed at greater frequencies. In contrast, we observed enteroviral infection at a lower frequency within the T/BG pediatric population (P = .007). Among T/BG adult patients, Creutzfeldt-Jakob disease (CJD) was found at greater frequencies (P = .0004).
Additional Follow-up of T/BG Patients
After further follow-up, etiologies were identified in 42 additional T/BG cases (25 noninfectious, 10 infectious, and 7 postinfectious). By completion of the T/BG review, 139 (76%) patients within the T/BG subgroup had a potential etiology identified, including 68 infectious cases, 42 noninfectious cases, and 29 postinfectious cases ( Table 2) . Noninfectious cases had lower median CSF white blood cell (WBC) count (5 WBC/mL) than infectious cases (17 WBC/mL; P = .03) and postinfectious cases (39 WBC/mL; P < .001).
Infectious Cases
Within the T/BG infectious group, viral pathogens were most commonly detected, followed by bacteria, prions, fungi, and protozoa (Table 2) . Among pediatric patients, an infectious etiology was identified in 41 (39%) of 104 T/BG cases prior to review (Table 1) . Upon further follow-up, an additional 4 cases were identified, resulting in 45 (43%) infectious cases ( Table 2) . Respiratory viruses were the most frequently identified etiology (n = 20 [44%]). These included influenza A/B (n = 10), parainfluenza (n = 5), adenovirus (n = 3), and RSV (n = 2). In addition, a variety of other agents were found including herpesviruses (n = 9), arboviruses (n = 4), and Mycobacterium species (n = 5).
In adults, an infectious etiology was identified in 17 of 79 T/BG cases (22%) prior to review (Table 1 ). An additional 6 cases, 23 of 79 T/BG cases (29%), were identified on further follow-up (Table 2) . CJD was the most common infectious etiology (n = 9 [39%]) and typically presented with a protracted clinical course compared to other T/BG infectious agents. Other infectious agents identified included arboviruses (n = 3) and Mycobacterium species (n = 3).
A subset of infectious T/BG cases was associated with acute necrotizing encephalopathy (ANE). In total, 17 cases of ANE were identified, associated with influenza virus A/B (n = 11), parainfluenza virus (n = 3), and herpes simplex virus type 1 (HSV-1), human herpesvirus 6, and enterovirus (n = 1 each). Patient age range included 9 cases aged ≤5 years, 7 cases aged 6-18 years, and 1 adult case (age 27). Consanguineous parents were reported among 3 cases (including twins with a sibling who also died from ANE [5] ). Two additional cases documented childhood deaths of unknown cause in distant relatives. Imaging data included for analysis came from the initial magnetic resonance imaging (MRI) study with referral to computed tomographic imaging in the absence of MRI information. Images were reviewed by the study neurologist (A.V.) when MRI report did not detail radiographic features under study (9 cases). Death search conducted specifically to look for cause of death.
c Pre-follow-up data were used for intergroup analysis of T/BG and non-T/BG CEP cases. Abbreviations: ANE, acute necrotizing encephalopathy; CEP, California Encephalitis Project; T/BG, thalamus and/or basal ganglia.
Noninfectious Cases
After follow-up, ischemic stroke, occurring in 10 adult cases and only 1 pediatric case, was the most common contributor to adult noninfectious T/BG cases. Five of these 11 (45%) patients were febrile at presentation.
Postinfectious Cases
T/BG postinfectious encephalitis was identified in 29 (16%) cases, predominantly in the pediatric group. These cases were excluded from further analysis.
Neuroimaging Findings of T/BG Cohort
Thalamic abnormalities were more commonly observed within the infectious group (72%) as compared to the noninfectious group (40%), while basal ganglia involvement occurred at a similar frequency between infectious (69%) and noninfectious (78%) cases. Enhancement in the thalamus or basal ganglia was more often a feature of infectious cases (16, 25%) than noninfectious cases (n = 4 [10%]), and accompanying meningeal enhancement was seen in a few infectious cases (n = 4 [6%]), but in no noninfectious cases.
Of the 5 most highly represented infectious causes (Table 3) , Epstein-Barr virus and M. tuberculosis were more frequently associated with abnormalities in the basal ganglia than the thalamus. Of the 5 M. tuberculosis patients with repeat neuroimaging, only 1 demonstrated additional thalamic abnormalities 45 days after the initial abnormal MRI scan. The opposite was true of WNV and respiratory viruses, in which thalamic involvement was more common than basal ganglia involvement. The majority of CJD cases exhibited both basal ganglia and thalamic involvement on initial neuroimaging. Concomitant basal ganglia involvement on initial neuroimaging was also seen in the majority of respiratory virus cases (n = 11 [58%]) but only rarely (n = 1 [17%]) in WNV cases. Repeat MRI was conducted on 2 WNV cases and showed development of basal ganglia abnormalities in both cases.
Symmetrical lesions occurred most commonly in the respiratory virus (n = 16 [84%]) and WNV (n = 4 [67%]) groups, and least commonly in the M. tuberculosis (n = 2 [29%]) group. Restriction of diffusion was a common feature of the CJD (n = 6 [67%]) and respiratory virus (n = 10 [53%]) groups, whereas hemorrhage was only seen in the respiratory virus group (n = 4 [21%]). Although patients with both respiratory viruses and WNV typically presented with bilateral, symmetric lesions affecting the thalamus, the presence of hemorrhage and rim enhancement was only seen in the former group. To quantify whether specific imaging findings were predictive of an association with respiratory viruses, we utilized prereview data to calculate the positive predictive value (PPV) of imaging parameters in our entire CEP cohort. The presence of symmetric, bilateral thalamic abnormalities was more predictive of respiratory viruses than other etiologies (specificity 99.0%, sensitivity 7.7%, PPV 30.8%), and the PPV was increased if either restricted diffusion (PPV 42.9%) or enhancement (PPV 53.8%) was also present in the thalamus. The finding of bilateral, symmetric, hemorrhagic thalamic abnormalities had the highest PPV for respiratory viruses (specificity 100%, sensitivity 2.6%, PPV 80%).
In many cases, lesions were not confined to the deep gray matter. Four of the 9 patients with CJD had additional cortical abnormalities, as did 4 patients with EBV. Of the 7 patients Abbreviations: CEP, California Encephalitis Project; HHV-6, human herpes virus 6; IgG, immunoglobulin G; IgM, immunoglobulin M; PCR, polymerase chain reaction. a In West Nile virus cases, two patients had additional findings: enterovirus detected in a respiratory specimen (n = 1), and M. pneumoniae IgM and IgG rise detected in sera (n = 1). b In addition to detection of the primary etiological agent, M. pneumoniae IgM was detected in serum of 2 Epstein-Barr virus cases, 1 HHV-6 case, and 4 respiratory virus cases (detection of the isolated serum M. pneumoniae IgM was considered insufficient evidence for classification of possible M. pneumoniae infection). c In addition to detection of the primary etiological agent (confirmed/probable by CEP definition), adenovirus also detected in respiratory specimen of 1 Epstein-Barr virus case and 1 HHV-6 case. d In 1 case, specimens were unavailable to rule out HHV-6 chromosomal integration but the patient was the typical age for primary HHV-6 acquisition and had an illness compatible with HHV-6. e Respiratory viruses identified include influenza A/B (n = 11), parainfluenza (n = 5), adenovirus (n = 3), respiratory syncytial virus (n = 2). Detected by PCR/ culture respiratory specimen (n = 21), PCR brain tissue (n = 1). Parainfluenza detected by respiratory specimen PCR and culture in 1 case with possible human metapneumovirus and respiratory syncytial coinfection (PCR only). f In 1 case of influenza B-associated acute necrotizing encephalopathy, a possible coinfection with M. pneumoniae was also detected (respiratory PCR and serum IgM). g Mycoplasma pneumoniae detected by both PCR (respiratory tract) and serology (2 independent IgM assays). h Includes case of primary ischemic infarct. Cases of infarct secondary to central nervous system infection are not included in this category: herpes simplex virus type 1 (n = 1), arbovirus (n = 1), Mycobacterium species (n = 8), Coccidioidmycosis immitis (n = 1), Neisseria meningitidis (n = 1), Streptococcus gordonii (n = 1).
with M. tuberculosis, 3 had additional periventricular or subcortical white matter abnormalities, and 1 had brainstem involvement. Two of the 6 WNV patients had brainstem lesions, and 1 additional patient had involvement of the substantia nigra. Of the 19 patients in the respiratory virus group, 4 had additional infratentorial lesions ( primarily brainstem), 5 had additional supratentorial lesions ( primarily hippocampus and temporal lobe), and 7 had both supratentorial and infratentorial lesions. Notably, 1 of the 2 children with HSV did not have additional temporal lobe abnormalities.
DISCUSSION
Here, we describe the spectrum of etiologies in encephalitis accompanied by neuroimaging abnormalities in the thalamus or basal ganglia. We found that patients with T/BG involvement had a distinct profile of etiologies compared to other patients within CEP. Several etiologies were more highly represented in the T/BG subset than in non-T/BG patients, and we found that the specific pattern of T/BG neuroimaging abnormalities may be helpful in elucidating etiologies.
The most surprising finding of our study was the number of individuals identified with a respiratory virus, particularly in our pediatric cohort. Unlike WNV or even M. tuberculosis, respiratory viruses are generally not considered to be neurotropic and even by our own CEP definition are at best considered "possible causes." Nonetheless, influenza virus [6, 7] , parainfluenza virus [8, 9] , respiratory syncytial virus [10, 11] , adenovirus [12] [13] [14] , and human metapneumovirus [15, 16] have been previously described in individuals with acute encephalopathy. Importantly, in our pediatric T/BG cohort we found that the frequency of respiratory virus association was markedly higher than in other types of encephalitis, despite similar frequencies of respiratory virus testing between the 2 groups. This observation provides strength to the relationship and implies more than just a chance finding.
A subset of our T/BG respiratory virus-associated cases was diagnosed with ANE. ANE manifests as a rapidly progressive encephalopathy typically involving the thalami, brainstem, and cerebellum. Inflammation is minimal, whereas necrosis and hemorrhage are consistent pathological findings [17] . The majority of ANE cases have been described in children aged <5 years of age, with isolated reports in adults [18] . Interestingly, in our T/BG cohort of respiratory virus-associated encephalitis, thalamic involvement was frequently observed in both non-ANE and ANE cases, suggesting a spectrum of thalamic abnormalities associated with respiratory virus infection which, when severe, results in necrosis and hemorrhage.
Not surprisingly, arboviruses and M. tuberculosis, agents with well-established predilection for the deep gray structures, were also seen in our cohort. Infection by WNV and other arboviruses is a common cause of epidemic viral encephalitis in the United States and worldwide [19, 20] . Neuroimaging studies show a predilection for deep gray matter structures including the basal ganglia and thalamus [21] [22] [23] . Indeed, among CEP pediatric cases, we found that WNV infection was a more frequent cause of encephalitis in the T/BG subset as compared to non-T/BG cases. Mycobacterium tuberculosis, another agent associated with T/BG lesions, was also identified in our cohort [24] . The pathological features of M. tuberculosis CNS disease are diverse, ranging from diffuse basal exudative leptomeningitis to more localized forms such as tuberculoma, abscess, or cerebritis [25] . Involvement of the deep gray matter, particularly in the setting of M. tuberculosis-associated stroke, has been previously reported [26] . Patients aged <20 years account for 60%-70% of CNS M. tuberculosis cases [27] . Within our cohort, M. tuberculosis T/BG abnormalities were seen in both pediatric and adult CEP patients, with the majority (n = 5 [71%]) in patients younger than 20 years. Among our adult T/BG cases, CJD was a significant contributor to infectious causes, representing up to 40% of infectious cases. CJD manifests as a rapidly progressive dementia with MRI abnormalities in the cortical and deep gray matter [28] . Seven of the 9 patients with CJD in our study presented with subacute neurologic progression over the course of 1 month or greater, while 2 patients developed more acute neurologic symptoms. Our study affirms consideration of CJD in adult patients with deep gray matter abnormalities and progressive neurologic decline.
As expected, HSV-1, a leading cause of encephalitis in general, was rarely associated with T/BG lesions in our CEP cohort. Notably, however, there were 2 individuals with herpes encephalitis and T/BG neuroimaging abnormalities; both were children. A higher frequency of extratemporal involvement and thalamic lesions [29] are described in pediatric herpes encephalitis patients. Our findings reinforce the importance of considering HSV-1 infection in children presenting with encephalitis with deep gray matter involvement.
Ischemic stroke was a common occurrence within the T/BG subgroup, and in some cases occurred in the setting of a documented CNS infection. However, we also observed that a large proportion of our adult T/BG cases presented with stroke without evidence of a documented infection. We categorized this subset of patients as having ischemic stroke of noninfectious etiology. These patients were not excluded from analysis because clinical suspicion for encephalitis resulted in referral to CEP. Indeed, several of these patients presented with fever, hence likely prompting referral. The prevalence of such cases amongst our T/BG group may reflect the difficulties in distinguishing between stroke and encephalitis in the acute clinical setting.
We also found that specific neuroimaging characteristics might be helpful to distinguish among infectious agents causing T/BG. For example, on initial neuroimaging, exclusive involvement of the basal ganglia was more frequently seen in M. tuberculosis, exclusive thalamic involvement was more frequently observed in WNV, and involvement of both deep gray structures was found in the majority of cases of respiratory viruses and CJD. Although both WNV and respiratory viruses were frequently associated with early, bilateral, symmetric thalamic involvement, only those in the respiratory virus group had evidence of deep gray matter hemorrhage and rim enhancement.
Predilection of deep gray matter abnormalities has been reported in WNV, but little is known about the spatial and temporal evolution of MRI abnormalities [19] . The fact that our 2 WNV cases with follow-up MRI developed basal ganglia abnormalities is consistent with other studies in which widespread gray matter involvement has been observed. Careful characterization of MRI abnormalities in a larger number of WNV patients is needed to determine whether early thalamic involvement typically precedes basal ganglia involvement.
There were several limitations to our study. The submission of incomplete specimen sets and suboptimal collection times of samples sent to CEP may limit the ability to identify infectious agents. Additionally our methodology, particularly for the diagnosis of respiratory viruses, changed over the 12-year period. Nevertheless, the same testing methodology was performed for the T/BG group as the non-T/BG group and would not account for the differences seen between the 2 groups. Furthermore, the incidence of viral respiratory pathogens in T/BG cases may actually be higher than what we reported since respiratory specimens were not submitted in a full one-third of these cases and were submitted less frequently in adults than children. Due to concerns about false positive Mycoplasma pneumonia IgM test results, we did not designate Mycoplasma as the etiologic agent in cases where only the IgM was positive; this may have led to an underestimate of Mycoplasma pneumonia cases. Finally, neuroimaging analysis relied primarily on written reports of scans produced by different imaging protocols and interpreted by different radiologists. Despite the heterogeneity of these reports, the recognition of distinct neuroimaging trends among subgroups (eg, infectious vs noninfectious) and specific agents (eg, respiratory viruses) may in actuality strengthen our study findings.
Overall, we found that the presence of early MRI abnormalities in the thalamus and basal ganglia in patients with suspected encephalitis are associated with distinct etiologies. Specific neuroimaging characteristics within the deep gray matter can also aid in narrowing etiological considerations and guiding laboratory testing. Importantly, results from our study suggest that respiratory viruses, albeit not classic neurotropic agents, should be considered as potential etiologic agents in patients with T/BG encephalitis, particularly among the pediatric population.
Notes

